Purpose: Secondary lymphedema is a frequent complication of breast cancer associated with surgery, chemotherapy, or radiation following breast cancer treatment. The potential contribution of genetic susceptibility to risk of developing secondary lymphedema following surgical trauma, radiation, and other tissue insults has not been studied. Results: Cx47 mutations were identified in individuals having secondary lymphedema following breast cancer treatment but not in breast cancer controls or normal women without breast cancer. These novel mutations are dysfunctional as assessed through in vitro assays and bioinformatics analysis, and provide evidence that altered gap junction function leads to lymphedema.
Introduction
Secondary lymphedema is frequent serious chronic complication of breast cancer treatment.
The staging and treatment of other cancers involving removal and/or radiation of lymph nodes may also precede secondary lymphedema. Secondary lymphedema following breast cancer therapy occurs in approximately 30% of patients, but estimates range from 2% to 80%, depending on the timing and method of ascertainment of lymphedema (1) . As many as 600,000 women may suffer from secondary lymphedema following breast cancer treatment (2) . Risk factors for secondary lymphedema, although not found to be the same in all studies, include treatment related factors: extent of surgery, radiation and chemotherapy; disease related factors: stage at diagnosis, pathological nodal status and number of dissected lymph nodes; and patient related factors: age at diagnosis, body mass index and presence of a sedentary lifestyle (2, 3) . As demonstrated by the nature of these risk factors, secondary lymphedema is viewed as the consequence of a traumatic event. This contrasts with familial or primary lymphedema which has a genetic etiology, and is viewed as a developmental abnormality often segregating within families and having mutations in one of several causal genes (4-7). The contribution of genetic susceptibility to the subsequent risk of developing secondary lymphedema following surgical trauma, radiation, and other tissue insults has not been evaluated.
Finegold et al.(6) reported a shared, rare mutation in the high affinity receptor for hepatocyte growth factor, MET, between a patient with primary lymphedema and an unrelated patient with breast cancer and secondary lymphedema. This observation supported our hypothesis that some cases of secondary lymphedema are conditioned by mutation in genes causing primary lymphedema influencing lymphatic development or function. This hypothesis is further supported by quantitative lymphoscintigraphy in women with breast cancer secondary lymphedema demonstrating abnormalities in the unaffected contra-lateral normal arm (8). The pre-symptomatic identification of individuals susceptible to secondary lymphedema would identify a subset of patients for preventive intervention or early therapy, with the potential of 5 secondary lymphedema and 108 breast cancer controls. Subjects were recruited through an initial mailing as well as during prospective follow-up. Subjects were eligible if they had a defined diagnosis of breast cancer, were willing to participate, and were willing to provide a DNA sample. Population controls were derived from a western Pennsylvania sampling of healthy women.
Blood was obtained for DNA isolation and analysis. We classified participants as cases if diagnosed with secondary lymphedema by a physician, physical therapist, or had received therapeutic treatment for lymphedema. Those without lymphedema were treated as breast cancer controls. All participants returned a questionnaire to assess risk factors for secondary lymphedema (supplementary material). Comparisons of non-genetic risk factors between cases and controls were performed using a t-test for continuous measures and using Fisher's exact test for binary measures. Genotype frequency differences were also tested using Fisher's exact test. A p-value of less than 0.05 was considered statistically significant.
Sequencing
Each participant was sequenced for the candidate lymphedema genes FLT4 (encoding VEGFR3), FOXC2, HGF, MET, GJC2 (connexin 47 [Cx47]) as previously described (10). We previously reported numbering for amino acid sequence based on the first ATG start site for human GJC2 as originally published by Uhlenberg et al. (11). There is now sufficient evidence supporting the second ATG site for initiation of translation for human GJC2 (12-15)and we use this site for initiation of numbering the amino acid sequence. This results in the amino acid substitutions in this report being numbered 3 amino acids less than our original report of GJC2 mutation in primary lymphedema (16) . Statistical comparisons of mutation frequencies in case and control groups were performed using Fisher's exact test.
Functional Assays in HeLa Cells
The Cx47 mutations were transfected (transient and stable) into communication deficient HeLa cells (17) to determine functional changes in gap junction intercellular communication (GJIC) or connexin function. The four mutations were introduced by site directed mutagenesis into a vector containing wild type human Cx47 pIRES2-EGFP (WT-hCx47-EGFP), a gift from Dr. S.
Scherer, and the fidelity of the wild type and all mutant constructs confirmed by bidirectional sequence analysis.
Immunofluorescence microscopy was used to determine the presence or absence of Cx47 gap measuring peak current recorded in the pair when the neighboring cell received a 100 mV step membrane potential change (in both positive and negative directions).
Step changes in membrane potential were delivered to each cell in the pair in sequence and the average current recorded in the neighboring cell, determined and divided by 100 to generate coupling conductance (nS). Untransfected HeLa cells and cells transfected with empty vector (i.e., no hCx47) were used as additional controls.
The wound assay measure of proliferation/migration used differential interference contrast time lapse imaging of over 24 hrs with confluent transfected HeLa cells. Analysis was done using TScratch (19) , mean ± SEM of at least 10 positions along the wound; the scrape width was normalized to the first image for each position. In all cases, we tested for statistical significance with a two tailed Student's t-test.
Functional assay in Human Lymphatic Endothelial Cells
Adult human dermal lymphatic microvascular endothelial cells (LECs) were cultured in EGM™-2 MV (both from Lonza). Cells were electroporated with 2 µg cDNA of the EGFP tagged mutant constructs and then selected with G418 as described above. Cells were microinjected using a combination (1:4 ratio) of 70 kd Texas Red dextran (Invitrogen) to mark the injected cell for reference, and Lucifer yellow, a known gap junction permeable dye (m.w. 443, -2 charge), to assess change in extent of spread(20). All cells were injected using constant conditions and scored for dye spread in tiers from a reference cell, using constant exposure time and thresholding, and imaged using a Nikon TE2000 with a temperature controlled motorized stage and QImaging Retiga CCD camera. Images were obtained using differential interference contrast (DIC) and standard filters for EGFP (identify expression of mutation), DAPI (for Lucifer yellow) and dsRed (for dextran) preinjection, immediately post-injection and 2 min after injection. Results were calculated as mean ± SEM. Statistical significance was determined in comparison to WT-hCx47-EGFP expressing cells using a Mann-Whitney Test.
RESULTS

Patient characteristics and mutation analysis
The characteristics of the study subjects derived from the questionnaire responses are shown in Table 1 . Few significant differences were seen in demographic, clinical, or treatment variables between women who developed secondary lymphedema and controls that did not.
Women with secondary lymphedema were older, diagnosed at a slightly later age, and were more likely to have had radiation therapy as part of their treatment. No differences were seen between cases and controls in other variables associated with increased risk for secondary lymphedema. None of the cases or controls had amino acid substitutions in the lymphedema genes FLT4 (VEGFR3), FOXC2, or HGF. A single case had a mutation in MET previously reported(6).
Among the 80 sequenced breast cancer patients with secondary lymphedema, we observed Cx47 mutations in four patients and no mutations among 108 sequenced breast cancer controls that did not develop secondary lymphedema (Table 2 ; p=0·03). Comparable Cx47 mutations were not seen among at least 298 population controls (596 alleles) (p=0·002). One secondary lymphedema patient had the same mutation (G146S) seen in a family with primary lymphedema recently reported by our group (16) . The other three mutations (G183C, P381S and H409Y) are unique. The Cx47 mutations found in these secondary lymphedema patients all met the following criteria for relevance of mutation status (similar to the Cx47 mutations observed in our previously reported primary lymphedema patients). Each mutation causes a change in the amino acid sequence of Cx47, is not present in at least 298 sequenced, ethnically matched controls (0/596 alleles), and is well conserved in mammalian evolution.
The second allele in each of these mutation patients was wild type.
None of the cases with these mutations reported a personal or family history of primary lymphedema. Two cases (P381S and H409Y) had sisters with breast cancer and one case (H409Y) reported her sister also having secondary lymphedema following breast cancer treatment. All four women with mutations were receiving therapy for the lymphedema including bandaging, compression garments, and in one case, exercise. None of them reported metastatic disease. Of note, all four women had prior surgeries including hysterectomy, cholecystectomy, knee surgery, and other procedures. They did not report lymphedema following these surgical procedures.
We identified a fifth synonymous Cx47 polymorphic mutation, H195H, occurring in secondary lymphedema patients, breast cancer controls, and Western Pennsylvania non-breast cancer population controls with essentially equal frequency (5/80 secondary lymphedema patients, 8/108 breast cancer controls, and 27/298 population controls).
The three mutations found in probands with breast cancer and secondary lymphedema, the shared G146S mutation (by probands with primary and secondary lymphedema), and our previously identified mutations in families with primary lymphedema are distributed throughout the Cx47 monomer (although no mutations have been found in the transmembrane domains) 
conventional cell scratch assay than the WT-hCx47-EGFP transfected cells (Table 3) . G183C transfected cells showed increased electrical coupling as compared to the WT-hCx47 transfected cells (This effect was statistically significant, but we recognize there are limitations in interpretation due to potential voltage errors in the whole cell patch clamp method when coupling currents are large, see Figure 2 and Table 3 . ). Hela cells transfected with the mutations located in the C-terminal domain (P381S and H409Y) were not functionally distinct from WT-hCx47-EGFP transfected HeLa cells.
When dye spread was evaluated in LECs expressing the human mutations, C-terminal domain mutations were phenotypically distinguished from WT-hCx47-EGFP expressing LECs (Table   3 , Supplementary Figure 1) . The H409Y mutation showed dramatically impaired dye transfer of Lucifer yellow after microinjection. In contrast, the P381S mutation showed significantly enhanced dye transfer.
Discussion
Secondary lymphedema is a serious chronic complication of breast cancer treatment.
Detection of increased risk of lymphedema is particularly important given the value of preoperative assessment and early postoperative intervention in reducing the impact of secondary lymphedema (9). Typically, studies of secondary lymphedema use patient specific information, like age and body mass index, in evaluating the risk of secondary lymphedema, but family history for lymphedema and genotype is not usually considered. A decision to intervene with treatment is usually based on the clinical burden of secondary lymphedema. 
these mutations in patients with secondary lymphedema and 2) suggests impaired gap junction function as a novel mechanism for the development of lymphedema.
Identification of Cx47 mutations in secondary lymphedema, and previously in primary lymphedema, expands the clinical pathology of Cx47 in human disease. Until recently, Cx47 was only considered important for CNS myelination (34) because Cx47 mutations are causal for Pelizaeus-Merzbacher-like disease (11, 18, 35-38) (PMLD) and a milder phenotype of spastic paraplegia (39). These were all reported to be recessive mutations but recently dominant mutations in Cx47 were also identified as causing PMLD, among them a G146S mutation (identified as G149S) (12). In contrast to disease caused by recessive mutations, autosomal dominant mutations in Cxs are more likely to cause syndromes in a similar fashion to the Cx43 mutations causing oculodentodigital dysplasia and the Cx26 mutations causing hearing loss and a variety of skin diseases (21). Thus, the recent identification of dominant mutations in Cx47 causing PMLD coupled with our findings of Cx47 mutations causing and/or predisposing to lymphedema suggests some patients may manifest both neurologic and lymphatic deficits.
Our finding of four independent mutations in Cx47, including one shared mutation previously reported in primary lymphedema (16) , not only supports these mutations as a genetic risk to the development of secondary lymphedema but raises the likelihood that other genes may contribute to such a genetic risk to secondary lymphedema as well. Gap junctions participate in a multi-protein complex and our observations implicate any of these proteins as potential candidates for risk mutations for secondary lymphedema and targets for novel drug therapy. A patient's family history of lymphedema would be useful in identifying women at higher than 
other genes known to cause primary lymphedema may prospectively identify a group of women who would benefit from early, aggressive surveillance and therapy prior to the clinical onset of lymphedema. Our findings challenge the commonly held view that secondary lymphedema is solely due to mechanical trauma (40, 41) . Genetic susceptibility is an important risk factor which must be included with mechanical trauma, radiation, and/or chemical insult. A priori recognition of such a genetic susceptibility 1) raises the potential for early detection of a group at high risk, and 2) allows the possibility of altering surgical approach and/or chemotherapy radiation therapy or direct medical treatment of the lymphedema.
The prospect of preventive intervention or pharmacological treatment in secondary lymphedema is especially attractive given the estimated prevalence of up to 600,000 (2) women who suffer from secondary lymphedema following treatment for breast cancer. The limited treatment options currently available to these patients include early education and physiotherapy (42, 43) . With regard to the Cx47 mutations specifically, there is potential for rapid translational progress given the pre-existing effort to develop Cx modifying drugs for application to cardiovascular disease (44) . Our findings offer the possibility that early detection and intervention may be possible before breast cancer treatment is complete, and also offers the chance to ameliorate the severity of secondary lymphedema in a subset of breast cancer patients.
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